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ABSTRACT

A primary goal of the South China Sea Monsoon Experiment (SCSMEX), a major field campaign of the
Tropical Rainfall Measuring Mission (TRMM), is to define the initiation, structure, evolution, and dynamics
of precipitation processes associated with the onset of the South China Sea (SCS) summer monsoon. In this
study, dual-Doppler and dual-polarimetric radar analysis techniques are used to investigate the develop-
ment and structure of a squall-line system observed on 24 May 1998. The focus is the linkage between the
airflow and the microphysical fields through the system.

The squall-line system, including three distinct lines, persisted from 1200 UTC 24 May to the following
day. A detailed study was performed on the structure of the second and most intense line, lasting for over
10 h. Compared to tropical squall lines observed in other regions, this narrow squall-line system had some
interesting features including 1) maximum reflectivity as high as 55 dBZ; 2) relatively little stratiform
rainfall that preceded instead of trailed the convective line; and 3) a broad vertical velocity maximum in the
rear part of the system, rather than a narrow ribbon of vertical velocity maximum near the leading edge.

Polarimetric radar–inferred microphysical (e.g., hydrometeor type, amount, and size) and rainfall prop-
erties are placed in the context of the mesoscale morphology and dual-Doppler-derived kinematics for this
squall-line system. A comparison is made between results from this study for SCSMEX and the previous
studies for the TRMM Large-Scale Biosphere–Atmosphere experiment (LBA). It was found that precipi-
tation over the SCS monsoon region during the summer monsoon onset was similar to the precipitation over
the Amazon monsoon region during the westerly regime of the TRMM–LBA, which has previously been
found to be closer to typical conditions over tropical oceans. Both of these cases showed lower rain rates
and rainwater contents, smaller raindrops, and significantly lower ice water contents between 5 and 8 km
than the precipitation over the Amazon during the easterly regime of the TRMM–LBA with more tropical
continental characteristics.

1. Introduction

The evolution and structure of convection in the
Tropics are of considerable interest because of their
impact on heat, moisture, and momentum fluxes. Char-
acterization of the vertical structure of tropical convec-
tion is a major objective of the Tropical Rainfall Mea-
suring Mission (TRMM) launched by the National
Aeronautics and Space Administration (NASA; Simp-
son 1988). To support TRMM, a series of field cam-
paigns were conducted in various tropical locations in

order to provide detailed information on tropical con-
vection. The South China Sea Monsoon Experiment
(SCSMEX), conducted in the South China Sea (SCS)
and surrounding area in 1998, aimed at a better under-
standing of the key physical processes for the onset,
maintenance, and variability of the monsoon over
Southeast Asia and southern China leading to im-
proved monsoon predictions (Lau et al. 2000; Tao et al.
2003). The SCSMEX also served as one of the TRMM
experiments that was designed to study the precipita-
tion and kinematic structures of mesoscale convection
in an oceanic environment.

The east Asian monsoon is an important component
of the regional and global climate. The precipitation
processes associated with the summer monsoon play an
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important role in the agriculture and people’s daily life
of the Southeast and east Asian countries. For instance,
the quasi-stationary rainbelt, so called mei-yu in China
and Baiu in Japan, may cause disastrous floods in the
region when excessive rainfall occurs. Although the
east Asian summer monsoon attracts more attention
when it affects the land area to the north during June–
August, the onset of the east Asian summer monsoon
starts over the ocean to the south in the SCS region in
May (Tao and Chen 1987). In 1998, the SCS summer
monsoon onset included three steps (Ding and Liu
2001; Lau et al. 2002): 1) the low-level southwesterly
winds from the Tropics prevailed in the northern SCS
on 15 May; 2) the southwesterly monsoon flow at low
levels spread to the whole SCS by 20 May; and 3) the
upper-level northeasterly winds were established over
the SCS region by 23–24 May. There were basically two
types of precipitation processes over the northern SCS
during the 10-day monsoon onset period (Wang 2004).
The first type was the well-organized cloud system as-
sociated with an extratropical cyclone from northwest-
ern China. The interaction between the tropical mon-
soon flow and the frontal circulation played an impor-
tant role in the organization and structure of the
mesoscale convection. The second type was related to a
mesoscale vortex that developed in the northern In-
dochina peninsula and southern China. Periodically,
when a mesoscale vortex drifted eastward along with
the southern branch of westerlies around the Tibetan
Plateau, convection erupted in the northern SCS to the
east of the vortex. The associated rainfall was relatively
localized but intense. Waterspouts and severe squall
lines were observed in the northern SCS when influ-
enced by the tropical mesoscale vortex from the west.
To document the organization and structure of mon-
soon convection during the early onset stage, Wang
(2004) performed a mesoscale analysis of the precipi-
tation systems on 15 May, which were good examples of
the first type of the precipitation process. In this study,
we will focus on the evolution and structure of a squall-
line system observed on 24 May, which was represen-
tative of the second type of the precipitation process.

The general characteristics of tropical squall lines
were obtained initially by analyzing aircraft and sound-
ing datasets from the Line Islands Experiment (Zipser
1969) and the Global Atmospheric Research Program
(GARP) Atlantic Tropical Experiment (GATE; Houze
1977). Using dual-Doppler radar analysis, Chong et al.
(1987) documented the detailed kinematic fields of an
African squall line. Since then, the dual-Doppler radar
technique has been used as an essential ingredient for
studies of precipitation and kinematic structure of
tropical and midlatitude squall lines (e.g., Roux 1988;

Biggerstaff and Houze 1991; Jorgensen et al. 1997). It
was found that the structures of tropical and midlati-
tude squall lines are very similar. Their relatively
simple structure usually consists of a convective region
at the leading edge, a stratiform region to the rear, and
a weak reflectivity transition zone. In the convective
part, updrafts are generated by the convectively driven
descending air colliding with the incoming moist envi-
ronmental air near the leading edge. The updraft usu-
ally tilts rearward and extends at upper levels in the
stratiform region. In the stratiform region, a weak up-
draft is often observed above the melting layer with a
weak downdraft beneath (Houze 1993). The fast-
moving (�7 m s�1; Barnes and Sieckman 1984) squall
lines generally propagate near the speed of the low-
level jet maximum when the convective line is oriented
roughly perpendicular to the low-level wind shear
(Keenan and Carbone 1992). The convective and strati-
form rains of squall lines have also been numerically
simulated with considerable success (Fovell and Ogura
1988, 1989; Tao and Simpson 1989; Trier et al. 1996,
1997; Lewis et al. 1998). Nevertheless, it is well recog-
nized that considerable differences in the detailed rain-
fall and kinematic structures exist in tropical convection
in different areas (Zipser 1977; Keenan and Carbone
1992; LeMone et al. 1998). Differences in the vertical
distribution of precipitation and latent heating in me-
soscale convection also result in a very different re-
sponse by the large-scale circulation (Raymond 1994).

Prior to SCSMEX, no systematic study of linear con-
vection over the SCS monsoon region had been con-
ducted, because the traditional observational network
was inadequate over the ocean. Work related to the
monsoonal convection in the SCS include the studies on
subtropical squall lines observed during the Taiwan
Area Mesoscale Experiment (TAMEX). Wang et al.
(1990) found that the structural features of the squall
lines to the northwest of Taiwan were similar to those
for a fast-moving tropical squall line. Front-to-rear flow
prevailed at all levels in the front side and was accom-
panied by shallow rear-to-front flow on the back. Con-
vective downdrafts occurred behind the main cells. A
squall line located near the east coast (leeside) of Tai-
wan was also investigated by Jorgensen et al. (1991)
using airborne Doppler radar. However, that squall line
occurred in mid-June in the late mei-yu season. The
evolution and structure of the system was also strongly
influenced by the steep island topography of Taiwan.

More recently, several studies of monsoon convec-
tion in other tropical and subtropical regions focused
on both the vertical structure of hydrometeors and the
kinematic quantities (e.g., Carey and Rutledge 2000;
Cifelli et al. 2002). Those results provided important
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information on the corresponding location of latent
heat release, which is a driving force in the global cir-
culation. The tropical island convection studied by
Carey and Rutledge (2000) was characterized by strong
midlevel updrafts, vertically extensive differential re-
flectivity columns, and hail/frozen drop zones. During
the TRMM Large-Scale Biosphere–Atmosphere experi-
ment (LBA, January–February 1999), Cifelli et al. (2002)
found that there was an active mixed phase zone in the
easterly regime that was largely absent in the westerly
regime. The thermodynamic, wind, aerosol, and result-
ing convective systems over the southwestern Amazon
during the westerly regime were closer to typical con-
ditions over tropical oceans while conditions during the
easterly regime were more characteristic of archetypi-
cal tropical continental regimes (Halverson et al. 2002).

The main objective of the mesoscale program of the
SCSMEX is to define the initiation, structure, evolu-
tion, and dynamics of precipitation systems associated
with the onset and mature phase of the SCS summer
monsoon. In this study, we will perform a detailed
analysis of the evolution and structure of a squall-line
system that was observed for the first time in the SCS
region during the summer monsoon season. Our focus
is to investigate the linkage between the flow through
the convective system and the microphysical fields re-
trieved from the polarimetric data. In section 2, the
dual-Doppler and polarimetric radar data analysis tech-
niques are briefly described, as well as the analysis
methods used to assess the mesoscale structure of the
convection. Section 3 presents an overview of the syn-
optic-scale conditions on 24 May. In section 4, the for-
mation and evolution of the squall-line system observed
on 24 May are reviewed. The rainfall and kinematic
structures derived from dual-Doppler radar analysis are
presented in detail in section 5. The rainfall and hy-
drometer characteristics of the squall lines are also ana-
lyzed in section 6 using the polarimetric radar data.
Some statistical results from the case study of 24 May
are performed in section 7. Finally, a summary is given
in section 8.

2. Data and analysis

The field phase of SCSMEX was from 1 May to 30
June 1998 including two intensive observation periods
(IOPs): 5–25 May and 5–25 June. A variety of instru-
mentation was deployed in the experiment including
C-band Doppler and polarimetric radars forming a
dual-Doppler radar network (Fig. 1), enhanced sound-
ing network, and surface meteorological and rainfall
observations. The primary data used in this study are
radar data including both the conventional and polari-
metric variables. During SCSMEX, the National Oce-

anic and Atmospheric Administration (NOAA) Tropi-
cal Oceans Global Atmosphere (TOGA) radar was in-
stalled on the People’s Republic of China Shiyan-3
research vessel (about 20.4°N, 116.8°E) and operated
continuously during the two IOPs, and the Bureau of
Meteorology Research Centre (BMRC, Australia) po-
larimetric C-POL radar was installed at Dongsha Island
(20.7°N, 116.7°E) and operated on a 24-h basis (with
several short breaks) throughout May and June 1998.
The additional sources of information used in this study
for larger-scale background also include synoptic re-
analysis charts from the National Centers for Environ-
mental Prediction (NCEP), satellite imagery, and a
sounding network.

A more detailed description of the issues related to
radar data quality control and process was given by
Wang (2004). In brief, due to a misaligned bandpass
filter on the TOGA radar, the reflectivity (Z) measured
by the TOGA was significantly biased. Therefore, only
the reflectivity data collected from C-POL will be used
in this study. The quality controlled radial velocity data
from both TOGA and C-POL were unfolded and in-
terpolated to a Cartesian grid using the National Center
for Atmospheric Research (NCAR) REORDER soft-
ware (Mohr et al. 1986). With a 40–45-km-long base-
line, a 30° intersection angle between beams of the ra-
dar, which is required for mitigating dual-Doppler ra-
dar analysis errors (Davies-Jones 1979), extended out
to about 75 km from the baseline. The dual-Doppler

FIG. 1. Dual-Doppler radar network over the SCS during
SCSMEX. The big dashed circles indicate the radar-observing
domain, while the small solid circles show the dual-Doppler radar
analysis regime.
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radar analysis domain (shown in Fig. 1) was a 150 km �
100 km area extending 15 km in the vertical. Three-
dimensional kinematic fields were obtained by synthe-
sizing the radial velocity measurements from the two
radars within the analysis domain using NCAR Custom
Editing and Display of Reduced Information in Car-
tesian space program (CEDRIC; Mohr et al. 1986).
The procedure for dual-Doppler radar analysis on
SCSMEX data was discussed in more detail by Wang
(2004). It should be emphasized that the poor sensitiv-
ity of TOGA radar in the upper levels with weak re-
flectivity made it difficult to define the upper boundary
condition. Therefore, an upward integration method,
instead of the better variational or downward integra-
tion methods, was used to calculate the vertical air mo-
tion. As found from error estimation (Wang 2004), the
derived vertical velocities are not reliable in the upper
regions. To have a better picture of the case study, the
derived vertical velocities will be shown in the whole
vertical cross section. However, no conclusion will be
made from the derived vertical velocities at high levels.
Moreover, to filter noise in the vertical velocities, the
horizontal wind fields derived from the dual-Doppler
solution are lightly smoothed with a two-pass Leise fil-
ter (Leise 1981) prior to divergence calculation and ver-
tical integration.

In addition to the radial velocity (VR) measured by
both radars for the dual-Doppler radar analysis, a set of
polarimetric variables were also available from C-POL
including differential reflectivity (ZDR); total differen-
tial phase (�DP); and zero lag correlation coefficient
between copolar horizontal and vertical polarized elec-
tromagnetic waves (�HV). These polarimetric variables
and specific differential phase (KDP) calculated from
�DP (Carey and Rutledge 2000) can be used to provide
information on the size, shape, orientation, and ther-
modynamic phase of the hydrometers. Readers inter-
ested in a systematic discussion of these measurements
and their applications may refer to Doviak and Zrnic
(1993) and Bringi and Chandrasekar (2001).

An analysis of polarimetric radar–derived precipita-
tion characteristics, including precipitation ice and liq-
uid water content, was conducted using procedures
similar to those outlined in Carey and Rutledge (2000)
and Cifelli et al. (2002). As described in these earlier
studies, a difference reflectivity (ZDP) method (Go-
lestani et al. 1989) was used to estimate the horizontally
polarized reflectivity (ZH) for both rain and ice sepa-
rately. Rain Zrain

H was estimated directly from observa-
tions of ZDP, and ice Zice

H was then estimated as a re-
sidual (i.e., Zice

H � Zobserved
H � Zrain

H ). If the ZDP-based
method indicates the presence of mixed phase precipi-
tation, then estimates of rainwater content (g m�3) and

ice water content (g m�3) are calculated using the fol-
lowing equations:

Mw � 3.44 � 10�3�ZH
rain�4�7	g m�3
, 	1


MICE � 1000��iN0
3�7�5.28 � 10�18ZH

ice

720 �4�7

	g m�3
,

	2


where Zrain
H and Zice

H are in mm6 m�3, �i is the ice density
(917 kg m�3), and N0 (4 � 106 m�4) is the intercept
parameter of an assumed inverse exponential distribu-
tion for ice (Carey and Rutledge 2000). Note that Ray-
leigh scattering conditions are assumed. If the ZDP-
based method indicates the presence of pure rain (i.e.,
if the difference between observed ZH and the esti-
mated reflectivity associated with pure rain is less than
the standard error, 0.9 dB), then it is assumed that the
observed ZH is dominated by water and the following
equation from Bringi and Chandrasekar (2001) is uti-
lized for estimating rainwater (Mw, g m�3):

MW � 0.60 � 10�3	ZH
0.85
	��2.36
, 	3


where � � 10(ZDR/10). When required in pure rain, rain-
drop size (i.e., mass weighted mean diameter, Dm) was
estimated using ZDR according to Dm � 1.619 *
(ZDR)0.485 (mm) (Bringi and Chandrasekar 2001). If the
ZDP-based method indicates the presence of pure ice,
then Eq. (2) is utilized, assuming Zice

H � ZH. The rain
rates for each radar volume were also calculated using
an optimization technique with the parameters ZH,
ZDR, and KDP (Carey and Rutledge 2000). With this
method, the measurement capability of each polarimet-
ric variable is maximized. Combinations of those vari-
ables in rain-rate equations (Bringi and Chandrasekar
2001; Keenan et al. 2001) are described in Table 1. As
discussed in Cifelli et al. (2002) and Carey and Rut-
ledge (2000), the liquid and especially ice water con-
tents reported herein are only approximate, since a
number of assumptions were required. Given typical
measurement error in the C-POL radar (i.e., ZH: �1dB;
ZDR: �0.2dB; KDP: �0.3 km�1). The expected normal-
ized standard errors for the various estimated micro-
physical parameters are given in Table 2 (Bringi and
Chandrasekar 2001; Carey and Rutledge 2000).

3. Synoptic situation and environmental features

The satellite infrared image for 0600 UTC (UTC �
LST � 0800) 24 May (Fig. 2) revealed a mesoscale
convective system (MCS) over the southern coast of
China and the sea to the south. This cloud cluster orig-
inated over the southwestern China and northern In-
dochina peninsula around 1200 UTC 22 May. In the
next 36 h, the MCS drifted slowly to the east following
the prevailing westerly winds associated with a trough
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to the south of the Tibetan Plateau. On 24 May, the
MCS started to propagate southeastward and offshore
with a major portion over the SCS region. Ahead of the
MCS, there was a broad clear area extending northeast
all the way to Japan. The synoptic situation for 1200
UTC 24 May 1998 is summarized in Fig. 3. After the
completion of the SCS summer monsoon onset at low
levels by 20 May (Wang 2004), the low-level airflow in
the northern South China Sea was dominated by south-
westerly monsoon flow (Fig. 3a). Except for the eastern
end of the SCS controlled by the retreating subtropical
high, most of the northern SCS region exhibited a rela-
tive humidity over 70%, another indicator of the sum-
mer monsoon onset. At 850 hPa, a mesovortex centered
at 21°N, 115°E was evident near the southern coast of
China. The disturbance strengthened the southwesterly
winds in the northern SCS to bring in more warm air.
Moreover, the mesoscale vortex helped the develop-
ment of low-level moisture convergence that is a key
element for the genesis of mesoscale convection (e.g.,
Cotton and Anthes 1989). At 500 hPa, the SCS obser-
vation domain was ahead of a moderate trough con-
trolled by southwesterly winds (Fig. 3b). At the upper
level (200 hPa), there was a large anticyclone centered
near 18°N, 108°E. An area of diffluence occurred over
the northern SCS to the northeast of the anticyclone.
Overall, the synoptic-scale low- and upper-level dispo-
sition provided a favorable environment for the devel-
opment of convection.

On 24 May, there were three squall lines (Fig. 4)
observed by the SCSMEX radar network (more details
in section 4). Wind and thermodynamic soundings, rep-

resentative of the prestorm environment at 1200 UTC,
3–4 h prior to the passage of the first squall line, and at
1800 UTC, 2–3 h ahead of the arrival of the second
squall line, are summarized in Fig. 5. At 1200 UTC,
moisture was available at low levels. A dry layer was
found at the mid- to upper levels over 500 hPa, with a
maximum dewpoint depression over 25°C around 400
hPa. This type of dry midlayer air was often observed
during the SCS monsoon onset (15–25 May; Johnson
and Ciesielski 2002; Wang 2004). The sounding exhib-
ited conditional instability. Average virtual potential
temperature and water vapor mixing ratio values in the
near-surface layers were used to calculate the convec-
tive available potential energy (CAPE). The CAPE
was low at about 750 J kg�1 showing weak instability.
The lifting condensation level (LCL) was at 941 hPa,
while the level of free convection (LFC) was at 646 hPa.
From the low to midlevels, the favorable wind speed
shear was apparent and can be categorized as a quasi-
straight or unidirectional hodograph (not shown). The
moderate low-level wind shear (800–1000 hPa) was
southeastward at 8.7 m s�1 or about 4.4 m s�1 km�1.

At 1800 UTC, the most pronounced change occurred
at the midlevel with the moistening of the dry layer. A
relative dry layer was located above 420 hPa, but with
reduced magnitude. At the low to midlevels, the tem-
peratures were generally lower than those 6 h earlier.
This could be related to the ice melting and evaporative
cooling associated with the passage of the first squall
line. The CAPE increased significantly to over 1500 J
kg�1, comparable to those for the GATE (Zipser and
LeMone 1980) and TAMEX (Jorgensen et al. 1991).
The increased CAPE seems to be the result of either
destabilization of the sounding by convergence accom-
panying the first squall line or less stable air coming
with the mesovortex. Compared to the sounding taken
6 h earlier, the direction and magnitude of the low-level
wind shear remained the same, while the LCL and LFC
lowered to 954 and 826 hPa, respectively. Obviously,
after the passage of the first squall line, the environ-
mental conditions were more favorable for the devel-
opment of organized deep convection.

4. The evolution and propagation of the squall-line
system

The squall-line system including several lines per-
sisted from 1200 UTC 24 May to 0500 UTC 25 May.
The early convective echoes appeared at about 1200
UTC as several individual newly formed convective
cells. These small cells lined up in a discontinuous arc-
shaped convective line about 50 km west of the C-POL
radar (Fig. 4a). The north–south orientation of the con-
vective line is perpendicular to the low-level wind shear

TABLE 2. Estimated normalized standard error of microphysical
quantities.

Microphysical quantities Normalized standard error

Dm 10%–20%
R, MW [ZH, ZDR, KDP] 10%–35%
R, MW [ZH] 30%–70%
MICE [ZH] 50%–100%

TABLE 1. C-POL rain-rate estimation.

Conditions:
(a) ZDR � 0.5 dB
(b) ZH � 35 dB and KDP � 0.5° km�1

Equations:
1. Both conditions (a) and (b) are satisfied:

R(KDP, ZDR) � 37.9 � 10�0.072 ZDR(KDP)0.89

2. Only condition (a) is satisfied:
R(ZH, ZDR) � 0.0058 � 10�0.209 ZDR(ZH)0.91

3. Only condition (b) is satisfied:
R(KDP) � 32.4 � (KDP)0.85

4. None of condition (a) or (b) is satisfied:
R(ZH) � 0.015 � (ZH)0.734
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(1000–800 hPa). This was consistent with the studies on
western Pacific convection by LeMone et al. (1998)
who found the orientation of the convection tends to be
perpendicular to the low-level (surface to 800 hPa)
wind shear if its magnitude is over 4 m s�1. While mov-
ing eastward, this convective line gradually intensified
into a broader, stronger, and more organized squall
line. This squall line reached its climax both in size and
intensity near 1600 UTC. The peak reflectivity of 50
dBZ was recorded with the echo top at 12 km MSL.

Along with the decay of the first squall line, a new
and intense convective line started to develop about 40
km behind the original squall line (Fig. 4b). Compared
to the echoes in the first squall line, the main echo of
the second squall line at its early stage was more intense
with larger area coverage. At 2200 UTC, the second
squall line was at its mature stage showing a continuous
convective band with the east–west extension up to 50
km. The peak radar reflectivity of about 55 dBZ was
recorded at 1.5–3.0 km MSL. Overall, the second squall
line was larger and more intense than the first squall
line. With the echo top reaching 15 km MSL, the sec-
ond squall line was also the tallest convection observed

on 24 May. There are two factors that may explain why
the second squall line was a much more intense line
than the first one. First, from the soundings taken at
Dongsha Island before and after the passage of the first
squall line (Fig. 5), the postline environmental condi-
tions had a much higher value of CAPE. Second, after
the initiation near midnight, the second line developed
throughout the early morning hours, when the diurnal
cycle of the convection over the open ocean reached its
most active period (Gray and Jacobson 1977). The ma-
ture phase of the second squall line lasted for several
more hours until 0400 UTC 25 May and started to dis-
sipate afterward (not shown).

About an hour later, after the formation of the sec-
ond squall line to the northwest, several new cells de-
veloped and lined up in a northeast–southwest direc-
tion about 80 km behind the second squall line at 1800
UTC. These cells formed a more continuous convective
line later and became the third squall line observed on
24 May. However, after 2200 UTC when the second
squall line was at its mature phase, the third squall line
to the west weakened to a short line and dissipated in
the next hour or so. In contrast to the second squall

FIG. 2. Infrared imagery from Geosynchronous Meteorological Satellite-5 (GMS-5) at 0600
UTC 24 May.
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line, the third squall line did not become a well-organized
line with significant intensity before its dissipation.
Without enough data around the third line or between the
second and third line, we are not sure about the cause
for the dissipation of the third line. However, consid-
ering that the third line was just a few tens of kilometers
behind the mature and intense second line, we believe
that the effects of the second line may have played a
role in this process. For instance, the mesoscale de-
scending motion often detected after the passage of

strong convection may suppress the maintenance of up-
drafts and result in the weakening of the third line.

5. Precipitation and kinematic structure

In this section, the precipitation and kinematic struc-
ture of the second squall line, the most intense and
well-organized one, will be discussed. During its mature
phase, the second squall line was located in the dual-
Doppler radar analysis lobes, which is ideal for a detailed
study of its kinematic structure. The first squall line was

FIG. 3. NCEP constant pressure level reanalyses at (a) 850, (b)
500, and (c) 200 hPa, valid at 1200 UTC 24 May. Temperature
and relative humidity are shown by the solid and dashed lines,
respectively. Squares in each panel indicate the SCSMEX do-
main shown in Fig. 1.
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only in the western dual-Doppler lobe during its develop-
ing phase. When it reached its climax near 1600 UTC,
the first squall line was too close to the radar baseline to
conduct dual-Doppler synthesis. The third squall line did
not enter the dual-Doppler lobe until it started to weaken.

We have performed 5-h of dual-Doppler radar analy-
sis from 1900 to 2350 UTC when the main part of the
second squall line was in the dual-Doppler analysis
lobes. After carefully examining the 30 volumes from
both the C-POL and TOGA radars, we present the
results from 2040 UTC as a typical example to illustrate
the horizontal and vertical structure of the second
squall line at its mature phase, while the central part of

the squall line was ideally located at the center of the
dual-Doppler lobe.

At 2040 UTC, as shown in Fig. 6a, the mature squall
line showed a continuous convective line in the eastern
dual-Doppler lobe. It included several convective cores
lining up on the north–south direction with radar re-
flectivity over 40 dBZ. The principal cells had an east–
west extension of 20–30 km. At 1.5 km, during the
highly linear phase of the squall line the horizontal cir-
culation was predominantly two dimensional. The sys-
tem-relative flow in the line was uniformly from the
front to the rear of the system. The inflow was stronger
in the principal cells at a speed of 5–6 m s�1. Consid-
ering the speed of the squall line at 5 m s�1 to the east,
this front-to-rear flow matched the weak westerly flow
shown at 850 hPa in the environmental sounding (Fig.
5). In other words, the system-generated flows at the
low levels were mainly in the rear part of the system.
The low-level inflow exhibited a remarkable decelera-
tion at the rear edge of the squall line. This also formed
a fairly uniform and strong region of low-level conver-
gence there (not shown).

Updrafts at 1.5 km MSL were mostly oriented in a
band just behind the reflectivity maxima associated
with those convective cells (Fig. 6b). The squall lines
had the maximum radar reflectivity, low-level conver-
gence, and updrafts at the rear part of system. Down-
ward motion was generally ahead of the updrafts in
the front portion of the system between the princi-
pal convective cells. This was an indication of a de-
scending rear-to-front outflow. Similar kinematic struc-
ture was also observed in the developing stage of the
first squall line (not shown). The kinematic structure
retrieved here was atypical compared to most studies
on tropical and subtropical squall lines in the Pacific
prior to SCSMEX [e.g., Wang et al. 1990 (TAMEX);
Keenan and Rutledge 1993 (Australia); Jorgensen et al.
1997 (western Pacific)]. In those previous studies, the
tropical and subtropical squall lines were found to have
a narrow leading edge in the front of the system with
the maximum radar reflectivity. The maximum low-
level convergence and updrafts were in the form of
narrow ribbons and usually located just ahead of the
reflectivity maximum. Behind the strong updrafts, there
was larger area with downward motion as a result of
descending rear to front outflow. On the other hand, in
a case study of an MCS occurring at the beginning of the
SCS summer monsoon onset, Wang (2004) found
maxima in reflectivity and updraft in the rear of the sys-
tem with downdrafts ahead of them similar to the struc-
ture found on 24 May. We believe that this type of atypical
structure of monsoonal convection is actually quite nor-
mal during the onset stage of the SCS summer monsoon.

FIG. 4. Time series of the C-POL radar reflectivity (dBZ ) at 2.5
km MSL for the evolution of the main echoes of (a) the first squall
line, and (b) the second (solid line) and third (dashed line) squall
lines on 24 May. Arrows indicate the position of soundings shown
in Fig. 5.
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Moreover, the size and shape of the low-level updraft
zone for the squall lines observed herein were different
from those observed in previous studies. Instead of be-
ing limited to a narrow ribbon-shaped area, this system
had an updraft in a wider rear region with relatively
irregular shape. In addition to the cellular-shaped up-
draft zone mostly at the rear, there was an elongated
updraft band partially crossing the line. The magnitude
of the updraft at 1.5 km was about 2 m s�1 with the
downdraft at around 1 m s�1 to the east. The analysis of
ZDR at 1.5 km also exhibited a reversed structure to
most typical tropical squall lines. In typical tropical oce-
anic (Atlas and Ulbrich 2000) and tropical continental
(Cifelli et al. 2000) squall lines, a narrow (2–5 km) zone
of mid to large (1.5–3 mm) raindrops is usually found
within warm (T � 0°C) updrafts at 1–3 km MSL in
developing convective cores at the leading edge. How-
ever, in the present case, several ZDR maxima over 1.5
dB were located along the trailing edge of the squall
line (Fig. 6b). More discussion on this atypical structure
of the squall line will be given below along with the
results from the vertical cross sections. At upper levels,
only the two principal cells of the squall line reached the
9 km MSL with radar reflectivity up to 30 dBZ (Fig. 6c).
The eastward shift of the cells from the low level indi-
cated an eastward-sloping updraft. The airflow was
from rear to front, in the opposite direction of low-level
inflows. The shape of the updraft was more cellular
with maximum vertical velocities of 7 m s�1. The con-
vective downdraft was also evident ahead of the updrafts.

The vertical cross sections of radar reflectivity, dif-
ferential reflectivity, system-relative wind, and vertical
velocity across the two principal cells are shown in Fig.

7. The echo top reached 14–16 km MSL. Although not
shown in our interpolation, the actual maximum radar
reflectivity recorded was about 55 dBZ. An important
characteristic of this squall line, also discussed earlier
with horizontal cross sections, was that the front-to-rear
low-level inflow extended all the way to the very rear
part of the cell. The deceleration of the low-level inflow
from the front portion was also evident. In the southern
cell (Fig. 7c), the formation of a new cell behind the old
cell was apparent. The low-level maximum updraft was
also located in the convection zone at the rear of the
system (Figs. 7b,d). This type of strong updraft at the
rear also implied that the inflow must pass a region
ahead of the convective line before entering the con-
vective tower. Theoretically, this type of structure may
have some negative effects on the development and
maintenance of the deep convection. When the inflow
passes through the convective precipitating area, it
could be chilled by the cool air created by evaporative
cooling. As a result, the buoyancy of the air in the
updraft might be reduced. Consequently, the intensity
of the updraft and the convection might weaken as well.
Nevertheless, from a simple 2D numerical simulation,
Parker (2002) argued that evaporative cooling actually
occurs over a relatively deep layer with cooling increas-
ing with height over the lowest 2–2.5 km. Therefore, the
net effects of this process are to further destabilize the
low levels and result in an increased CAPE. The maxi-
mum updraft was about 5–7 m s�1 at an elevated height
of 9–10 km MSL (Figs. 7b,d). Downdrafts were located
just ahead of the updrafts. Consistent with the weaker
updrafts in a tropical oceanic environment, there was a
sharp reflectivity gradient above the 0°C level.

FIG. 5. Sounding launched from Shi Yan-3 at (a) 1200 and (b) 1800 UTC 24 May 1998. Hypothetical parcel ascent trajectories
(dashed lines) and downdraft path (dotted lines) are also plotted.
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Despite radar reflectivity over 50 dBZ, both the first
and second squall line had little stratiform precipitation
accompanying the convective portion. Using a parti-
tioning algorithm based on Steiner et al. (1995), we
found that the stratiform area on 24 May accounted for
only 10%–15% of the total rain area. This was far less
than the overall 63%–70% stratiform occurrence dur-
ing four TRMM field experiments in the Tropics
(Tokay et al. 2001). The environmental soundings (Fig.
5) clearly showed that the mid- to upper-level air was
quite dry. As determined from modeling studies by
W.-K. Tao (NASA GSFC, 2002, personal communica-

tion), the dry air in the mid- to upper levels generally
results in a rapid evaporation of the stratiform cloud
after the passage of its convective counterpart. The ef-
fects of dry air aloft on the stratiform rain development
are more significant in the tropical oceanic region than
in a midlatitude continental environment. In a midlati-
tude continental circumstance, the convective induced
updrafts could be much stronger than that in a tropical
oceanic area. Therefore, the deleterious microphysical
effects of evaporation in a dry environment may be
overcome by the convectively driven mesoscale circu-
lation. With enough low-level moisture and buoyancy,
the pronounced updrafts may advect hydrometeors to
moisten the dry environment and result in the forma-
tion of stratiform rain. As a result, extensive stratiform
regions may be observed in an environment with dry
mid to upper layers (e.g., Houze 1993). However, for
the tropical squall-line case studied here, the vertical
velocities at the cloud base (1–2 m s�1, Fig. 7) were
weak and the buoyancy was limited (Fig. 5). Both of
these factors prevented the system from generating
stratiform regions. In addition, the weak system-
relative upper-level winds may also play a role in mini-
mizing the scale of stratiform rain by failing to advect
hydrometers away from the convective cores. In fact,
there was no long-lasting stratiform rain with consider-
able area coverage on 24 May.

The only signs of stratiform rain formation could be
found in the vertical cross section across the intense
northern cell (Fig. 7a). There was a nose of weak re-
flectivity area at around 8 km MSL ahead of the leading
edge of the squall line. A forward tilt of roughly 40°
from the horizontal was seen in both the vertical airflow
and reflectivity contours in the cross section. The for-
ward tilt of radar reflectivity indicated the tendency of
stratiform rain ahead of the system. There was also a
small local reflectivity maxima at about 4.5 km just be-
low the eastward-leaning reflectivity contour. This
midlevel reflectivity maximum, or radar bright band,
was a clear sign of stratiform rain and marked the po-
sition of the melting layer. From most previous obser-
vational (LeMone et al. 1984; Jorgensen et al. 1997) and
modeling (Trier et al. 1996, 1997) studies, it was found
that a rearward tilting of the inflow was more common
and usually resulted in a stratiform region trailing the
convective part. Rotunno et al. (1988) illustrated the
important role of the cold pool in shaping the structure
of the squall line by balancing the horizontal vorticity of
the low-level shear. When a cold pool dominates the
circulation, the circulation progressively leans farther
upshear, that is, forming a trailing stratiform region. On
the other hand, in the presence of a weak cold pool, an
updraft/thermal will tilt downshear, that is, forming a

FIG. 6. (a) Radar reflectivity (dBZ ) and system-relative wind
flow, and (b) differential reflectivity (dB, shaded) and vertical air
motion (m s�1, contoured) at 1.5 km MSL valid at 2040 UTC. (c),
(d) Same as (a), (b), respectively, except at 9.0 MSL with no
differential reflectivity displayed. The 20 m s�1 scaling vector for
winds is shown in the upper-left corner in (c).
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leading stratiform region. In other words, if the hori-
zontal vorticity associated with the cold pool resulting
from evaporation is insufficient to counteract the circu-
lation driven by lower-tropospheric vertical shear, the
downshear tilt of the convection and the leading strati-
form region would form. Although the lack of the in
situ thermodynamic measurements in this study makes
it difficult to determine an accurate intensity of the cold
pool, an analysis of the environmental soundings (Fig.
5) may provide a reasonable estimation of the contri-
bution from evaporative cooling in downdrafts. Usu-
ally, the downdraft originates near the level of mini-
mum wet-bulb potential temperature about 3–5 km
above the ground. The downdraft path assuming suffi-
cient rainwater to maintain saturation for the entire
descent can be estimated by following the moist adia-
batic processes, that is, the wet-bulb potential tempera-
ture curve on a thermodynamic diagram, to the surface.
The maximum cooling is the temperature difference
between the downdraft air and the environmental air at
the surface. However, if the air descends subsaturated,
the parcel temperature will be greater than its wet-bulb
temperature and the cooling will be less. For the
present case, the possible maximum cooling was only
about 4°–5°C (Fig. 5). This suggested that a downdraft-
produced cold pool with sufficient strength to produce
an upshear-tilted convection was unlikely.

Another difference of the current case from the pre-
vious observations (Roux 1988; Jorgensen et al. 1997)
and simulations (Trier et al. 1997; Robe and Emmanuel

2001) of tropical squall lines was the lack of a pro-
nounced environmental low-level jet. The absence of
the low-level jet removed the reverse shear above the
jet that may support the rearward advection of warm
and moist air above the cold pool. That rearward ad-
vection discussed in previous literature may further
strengthen the vertical distribution of buoyancy associ-
ated with midlevel convergence and upper-tropo-
spheric ascent, and therefore help the development of
stratiform rain in the trailing regions (Houze 1993). In
a climatological study, Parker and Johnson (2000)
found that the trailing or paralleling stratiform rain
occurs in over 80% of convective lines observed in the
midlatitudes over the United States, while the leading
stratiform cases only account for 19%. However,
combining the analysis in this study and the previous
SCSMEX study by Wang (2004), leading stratiform
mode convection seems very common during the onset
period of the SCS summer monsoon.

6. Rainfall and hydrometeor characteristics

Cross sections of ZDR for the intense cells sampled at
2040 UTC are also shown in Figs. 7b,d. In general, ZDR

columns were constrained to relatively low levels.
The contour of 1 dB was found in the lowest 3 km,
well below the 0°C level. This indicated that oblate
drops with diameter over 1.5 mm only existed in the
lower levels and were not lofted into the mixed-phase
region. Our results shown here had some similarity to
the TRMM–LBA westerly case (Cifelli et al. 2002),

FIG. 7. Vertical cross section of (a) radar reflectivity (dBZ ) and system-relative wind flow, and (b) vertical air
motion (m s�1, contoured) and differential reflectivity (dB, shaded) along BB in Fig. 6 valid at 2040 UTC. (c), (d)
Same as (a), (b), respectively, except along AA in Fig. 6.
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However, the raindrops were less oblate (and hence
smaller) and limited to even lower levels. For the con-
vective cells at their mature phase (the northern cell in
Fig. 7b and east of the southern cell in Fig. 7d), the
midsized raindrops indicated by ZDR of 0.5–1.0 dB
reached the level of 6 km. When the midsized drops
were lofted to midlevels, they followed the updraft
track toward the leading edge and then were slowly
sorted out by size toward the front of the convection.
Elevated ZDR (�0.5 dB) collocated with low ZH (�30
dBZ) at heights of 6 km and higher in the forward anvil
region of both Figs. 7b,d were likely associated with hori-
zontally oriented ice crystals or aggregates of ice crystals.

For the new developing cell in the west of the south-
ern cell, the maximum ZDR reached about 3 dB at the
lowest levels corresponding to drops of about 2.8 mm in
diameter (Fig. 7d). The location of the maximum ZDR

matched the position of maximum low-level updrafts
derived from dual-Doppler analysis (Fig. 7c). At the
lowest levels, the contours over 1.5 dB had a front-to-
rear slope with height corresponding to the backward
updraft. However, even with a maximum ZDR of 3 dB,
the 1-dB contour only reached up to 3 km. This suggests
that the large, oblate raindrops immediately fell out
because of relatively weak updrafts at low levels. The
midsized raindrops with ZDR of 0.5–1.0 dB followed a
trajectory straight upward between the levels of 3–4.5
km. At this developing stage, the midsized particles
were concentrated only at low levels. Compared to
other analysis of tropical MCS [e.g., in the Maritime
Continent by Carey and Rutledge (2000) and the Ama-
zon by Cifelli et al. (2002)], the height and magnitude of
the ZDR column shown here were quite low. At the
onset stage of the SCS summer monsoon, the low-level
convergence and updrafts associated with the convec-
tion were relatively weak and not sufficient to lift hy-
drometers aloft to subfreezing temperatures, for example,
to the level of the mixed phase. For the case studied here,
the low-level inflow had to pass a downdraft and cooled
region before entering the updraft. Modified air in the
low-level updraft may have reduced the buoyancy and
hence updraft speed, contributing further to a low
height and magnitude of the ZDR column.

Representative cross sections of rainwater content
for the intense southern cell (Fig. 8) exhibited compa-
rable maxima in the developing (e.g., 4 g m�3 at 41 km
east of C-POL) and mature (e.g., 3.5 g m�3 at 49 km
east of C-POL) cells at low-levels (2 km MSL). How-
ever, analysis of Figs. 7 and 8 reveals that the kinematic
and microphysical processes leading to these maxima at
different stages of the convective life cycle were some-
what distinct.

In the developing cell, the maximum water content of

over 4 g m�3 was located at 1.5–2.5 km MSL above the
maximum ZDR at the lowest level. The gentle low-level
updrafts allowed sufficient time for the collision–
coalescence process to develop both large raindrops
and high rainwater contents. However the weak low-
level updrafts were unable to lift the largest raindrops
found at the lowest level farther upward. Those large
drops with mean mass-weighted diameter (Dm) of 2.0–
3.0 mm were offset below the maximum water content
due to size sorting by the updraft. It was the drops with
Dm of 1.5–2.0 mm at around 2 km MSL that contributed
to the maximum rainwater content in the developing
convective core. Given the very weak updrafts at 3–5
km MSL, there was no indication of the lofting of rain-
drops above the freezing level in the developing con-
vection. As a result, there is very little precipitation ice
mass in the developing cell. The lack of significant rain-
drop freezing also denied the extra buoyancy that is
contributed by the latent heat release of freezing to the
growing cells. This behavior is in stark contrast to tropi-
cal continental convection, which typically exhibits vig-
orous lofting of supercooled raindrops in the strong
low-level updrafts, and the initial production of large
quantities of precipitation ice mass (i.e., frozen drops)
during the developing stage (Carey and Rutledge 2000;
Cifelli et al. 2002). On the other hand, the precipitation
structure of the developing cell over the SCS was simi-
lar to the maritime-like convection over the “green
ocean” of the Amazon during the low-level westerly
wind regime (Cifelli et al. 2002).

In the mature cell, the low-level updrafts were still
weak, promoting continued warm rain processes, but
large raindrops (Dm � 2 mm) had already precipitated
out since the updrafts were unable to keep them aloft.
As a result, the maximum rainwater content up to 3.5 g
m�3 was collocated with the maximum ZDR (1.0–1.2 dB
or Dm � 1.6–1.8 mm) at the lowest level. Midlevel up-
drafts were larger in the mature as compared to the
developing convection and were capable of lofting a

FIG. 8. Vertical cross section of rainwater content (g m�3)
(shaded) and precipitation ice water content (g m�3) (contoured
at 0.1, 0.6, and 1.1) along AA in Fig. 6.
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small zone of supercooled raindrops about 1 km above
the freezing level (e.g., Fig. 8 at 49 km east of CPOL).
Freezing of the supercooled drops caused a slight en-
hancement in the precipitation ice mass (0.6 to 1.2 g m�3)
at midlevels (5–6.5 km MSL) in the mature cell. How-
ever, the vertical extent of the ZDR column (Figs. 7d, 10)
was modest and hence supercooled drops and enhanced
precipitation ice mass associated with frozen drops
were present only in the lowest (or warmest) portions
of the mixed-phase zone. As noted before, the mature
convection is similar in this regard to the maritime-like
convection over the Amazon during the westerly wind
regime and very unlike the vigorous tropical continen-
tal convection during the easterly regime of the Ama-
zon (Cifelli et al. 2002) and the tropical island convec-
tion studied by Carey and Rutledge (2000), which were
both characterized by strong and vertically extensive
ZDR columns and hail/frozen drop zones. The frozen
drops likely fell through the updraft in the mature cell,
melted, and hence contributed to the rainwater maximum
at lower levels. As a result, rain at later stages of convec-
tion on 24 May was likely the combination of both
warm and modest mixed-phase precipitation processes.

In general, very few raindrops were lofted above the
freezing level and precipitation-sized ice was scarce on
24 May. Therefore, only those smallest particles were
observed at high levels (echo top up to 15 km in Fig.
7c). Due to the dry air at the upper levels, those ice
particles might actually evaporate or sublimate and
never hit the ground. This also likely explained the
lack of stratiform rain on 24 May. By comparison,
stratiform rainfall was widespread in the green ocean
convection over the Amazon during the westerly re-
gime (Cifelli et al. 2002). The key difference appears to
be the relative lack of dry air in the 500–200-hPa layer
and hence evaporation/sublimation during the westerly
regime of Amazonian convection (Halverson et al. 2002).

7. Composite vertical structure

In this section, mean profiles and contoured fre-
quency by altitude diagrams (CFADs; Yuter and
Houze 1995) are used to present statistically the char-
acteristics of the squall lines observed on 24 May. The
CFAD summarizes frequency distribution information
about a variable in a given radar echo volume. It is a
convenient tool to display multiple histograms in a two-
dimensional format. The relative frequency of occur-
rence of a given parameter in the area of detectable
echo can be shown at each height. Comparison of the
reflectivity distribution, system-relative winds, and po-
larimetric measurements with the other subtropical and
tropical convection documented in the literature are
made to describe the characteristics of the squall line

occurring during the late stage of the SCS summer
monsoon onset.

The CFADs and mean profiles of reflectivity at 1550
and 2140 UTC, when the first and second squall line
reached their peak stage, respectively, are shown in Fig.
9. The second squall line was apparently taller and
more intense than the first one. The echo top of the
second squall line reached 16 km MSL, comparing to 14
km MSL for the first squall line. The mean reflectivity
profile at the lowest level was just over 30 dBZ for the
first squall line, and near 40 dBZ for the second squall
line. Both squall lines had a slowly decreasing mean
reflectivity with increasing height near the melting
layer. A sharp decrease of mean reflectivity was evident
from 5 to 8 km MSL above the melting layer, consistent
with the weak updrafts in the Tropics (Zipser 1977).
This decrease was more pronounced at 1550 UTC in-
dicating even weaker updrafts for the first squall line.
The decrease of mean reflectivity slowed again in the
layers above 8 km MSL. In general, the overall mode of
the mean reflectivity profile for both squall lines on 24
May was very similar to the tropical oceanic MCS
events summarized by Jorgensen and LeMone (1989)
and Zipser and Lutz (1994). At 2–4 km MSL, the oc-
currence of reflectivity over 40 dBZ, an indicator of
intense convection, was over 10% at 2140 UTC, but far
less than that frequency at 1550 UTC. At upper levels,
the convection at 2140 UTC also had a significantly
higher frequency of occurrence of intense echo fea-
tures. The probability of occurrence of 30-dBZ echo
fell below 1% at about 9 km MSL at 2140 UTC com-
pared to 6 km MSL at 1550 UTC. DeMott and Rut-
ledge (1998) suggested that the rainfall production is
larger for radar echoes with higher maximum 30-dBZ
echo heights. Supporting their argument, our calcula-
tion showed that convective rain rates in the first squall
line at 1550 UTC were about 55–65 mm h�1, while rain
rates of the convective cores in the second squall line at
2140 UTC reached up to 80–90 mm h�1.

To examine the statistical kinematic structure of the
squall line, we also present, in Fig. 10, the mean profiles
and CFAD diagrams of system-relative u component, �
component, and divergence at 2040 UTC, when a de-
tailed dual-Doppler analysis was performed for the ma-
ture stage of the second squall line. The negative u-
component dominated at low levels. Since the system
moved eastward, this indicated a front-to-rear low-level
inflow. The mean inflow speed was at 5 m s�1 at the
lowest level and decreased with increasing height. The
mean profile of the u component turned to be positive
at levels above 4 km MSL. The upper-level outflow
reached a maximum at about 9 km MSL. The CFAD
diagram further supported the observation from the
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vertical cross section (Fig. 7), that is, the squall line had
an uncommonly strong rear-to-front outflow. The mean
profile of the � component shows a weak system-
relative flow along the squall line. The most frequent
occurrence (�30%) of the � component was near zero

or slightly positive. The magnitude of the mean � com-
ponent was less than 1.5 m s�1 throughout the system.
As discussed before, the vertical velocity at higher el-
evations contained uncertainties when using upward in-
tegration as a result of the hard to define upper bound-

FIG. 10. CFADs and mean profiles of system relative (a) u
and (b) � component, and (c) divergence at 2040 UTC 24
May. Bin size is 4 dBZ for reflectivity, 1 m s�1 for u and �
component, and 1 � 10�3 s�1 for divergence.

FIG. 9. CFADs and mean profiles of radar reflectivity at (a) 1550 and (b) 2140 UTC 24 May. Bin size is 4 dBZ.
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ary condition. Therefore, only the CFAD and mean
profile of horizontal winds and the divergence field,
which are less sensitive to the boundary conditions, are
shown. Not surprisingly, the maximum of mean conver-
gence peaked at the lowest level. The magnitude of the
convergence decreased gradually until 4 km MSL.
Weak convergence existed up to 8 km MSL. This deep
layer of convergence implied an elevated maximum
vertical velocity at that time.

To compliment the statistical kinematic properties of
the squall line above, we present the mean profiles and
CFAD diagrams of the specific differential phase, dif-
ferential reflectivity, rainwater content, and precipita-
tion ice water content at 2040 UTC in Fig. 11. On 24
May 1998, the mean KDP near the surface was approxi-
mately 0.7° km�1 (Fig. 11a), corresponding to a rain
rate (R) of 24 mm h�1 (Table 1). This relatively large
value of mean rain rate is consistent with a large frac-
tion of convective rainfall and a relatively small area of
light, stratiform rain compared to other tropical re-
gimes. The highest frequency (�30%) of occurrence of
KDP near the surface was 0.25° km�1 or about 10 mm
h�1, again confirming the limited amount of stratiform
echo. The 1% frequency line near the surface for KDP

(R) was about 2.6° km�1 (73 mm h�1). This result is
close to that found in rainfall during the westerly re-
gime with more maritime characteristics, which was
characterized by a 1% line of about 80 mm h�1, during
TRMM–LBA (Carey et al. 2001). On the other hand,
the easterly regime during TRMM–LBA with more
continental characteristics was characterized by a 1%
line of about 100 mm h�1. As expected, the largest
values of ZDR occurred well below the height of the 0°C
level associated with big raindrops (Fig. 11b). The mean
ZDR (Dm) for raindrops near the surface was about 0.5
dB (1.2 mm). The (1%, 0.1%) occurrence line for ZDR

and Dm was (1.6 and 2.2 dB) and (2.0 and 2.4 mm),
respectively. Comparable values for (1%, 0.1%) oc-
currence during the easterly and westerly regime of
TRMM–LBA were (2.1 and 3.0 mm) and (1.9 and 2.5
mm), respectively (Carey et al. 2001).

Of course, precipitation ice and rainwater occurred
primarily above and below the melt level at about 5 km
MSL, respectively (Figs. 11c,d). Most precipitation rain
and ice water contents were below about 0.5 and 0.3 g
m�3, respectively. Note that the anomalies in precipi-
tation content near 5 km are associated with the inabil-
ity of the polarimetric method to differentiate small

FIG. 11. CFADs and mean profiles of (a) specific differential phase (° km�1), (b) differential reflectivity (dB), (c) rainwater content
(g m�3), and (d) precipitation ice water content (g m�3) at 2040 UTC 24 May. Bin size is 0.25 units for all variables.

1558 M O N T H L Y W E A T H E R R E V I E W VOLUME 133



raindrops (�1 mm) from precipitation ice. As a result,
it is not possible to detect with confidence very low rain
(ice) contents above (below) the height of the 0°C level.
The mean and maximum rainwater contents increased
with distance below the melt level. Maximum rainwater
contents for this case approached 5 g m�3. Comparable
values during the easterly (westerly) regime over the
Amazon during TRMM–LBA were 10 g m�3 (6 g m�3)
(Carey et al. 2001; Cifelli et al. 2002). The largest ice
water contents (0.5–2 g m�3) occurred in the mixed-
phase zone between 5 and 8 km. Similar maximum ice
water contents occurred in the westerly regime over the
Amazon during TRMM–LBA (Cifelli et al. 2002). On
the other hand, maximum ice water contents in the
easterly regime over the Amazon were typically from 3
to 8 g m�3 in the mixed-phase zone. Consistent with the
reflectivity CFADs above, the frequency of ice water
contents in excess of 1 g m�3 for this case decreased
rapidly from 5 to 8 km.

Overall, we found that precipitation characteristics in-
ferred from polarimetric radar for this case over the SCS
during SCSMEX were similar to the westerly regime
over the southwestern Amazon during TRMM–LBA.
Both of them had lower rain rates and rainwater contents,
smaller raindrops, and significantly lower ice water con-
tents between 5 and 8 km than the precipitation over the
Amazon during the easterly regime of the TRMM–LBA.

8. Summary

In this study, dual-Doppler and polarimetric radar
analyses were combined for the first time to study the
structure and rainfall characteristics of an oceanic
squall-line system. Our focus was to link the kinematics
of the convective system to the microphysical fields.
The similarities and differences of this squall-line sys-
tem occurring in the late SCS summer monsoon onset
with tropical and subtropical squall lines observed in
previous studies were also discussed.

On 24 May 1998, the onset of the SCS summer mon-
soon was near its completion with the establishment of
the southwesterly flow at low levels and northeasterly
winds at upper levels over the SCS region. Compared
to the tropical and subtropical oceanic squall lines
documented in the literature, the squall lines studied
here had significant departures from the archetypal
conceptual model. Characterized by convection with
maximum radar reflectivity about 55 dBZ, the squall
lines had little stratiform precipitation. The stratiform
rain coverage accounted for only 10%–15% of total
rain area, compared to an overall 63%–70% of strati-
form occurrence during four TRMM field experiments
in the Tropics. The dominance of convective echo was
likely related to the environmental conditions, that is,

the dry air aloft along with the weak system-relative
upper-level winds. For the oceanic squall-line case stud-
ied herein, the weak vertical velocity and limited buoy-
ancy were not able to generate a strong enough meso-
scale circulation to overcome the deleterious micro-
physical effects of evaporation in a dry environment or
further form a large area of stratiform rain. The moist-
ening of the midlevel shown in the sounding taken after
the passage of the first squall line confirmed the quick
evaporation of hydrometers carried aloft by weak up-
draft. Meanwhile, the weak environmental winds at the
upper level also limited the extension of the possible
stratiform rain by failing to advect the hydrometers
away from the convective part. From a vertical cross
section, we were able to catch a limited formation of
stratiform rain associated with an intense cell from the
second squall line. Different from the typical position
of the stratiform rain that is usually behind its convec-
tive counterpart, the stratiform rain observed here was
ahead of the convective core. It is believed that the
relative weak vertical circulation observed in this study
could not produce a strong cold pool sufficient to pro-
duce an upshear-tilted (trailing stratiform) convection.
In addition, a pronounced low-level jet, often observed
in tropical squall lines, was missing in this case. The
absence of the low-level jet removed the reverse shear
above the jet and prevented the development of trailing
stratiform rain. This type of leading-stratiform mode,
although much less frequently observed than trailing-
stratiform mode before, occurred quite often during the
onset period of SCS summer monsoon.

Differences in the kinematic structure of the squall
lines in this study compared to other tropical and sub-
tropical squall lines documented in previous studies
may play an important role in deciding the mode of
stratiform precipitation. In a typical tropical oceanic
squall line, strong low-level convergence and updrafts
are found in a narrow zone close to the leading edge
where the inflow interacts with the cold pool resulting
from evaporation cooling. The new cells form ahead of
the old ones. The low-level updrafts then go upward to
the rear portion of the system and form stratiform rain
there. A large area of downdrafts is often observed
behind the convective core. However, for the case of 24
May, the low-level convergence and updrafts were lo-
cated in a wider convective area in the rear portion of
the system. The new cells formed behind the old ones,
and the updrafts turned forward like a return flow at
the mid- to upper levels, bringing hydrometers ahead of
the convective core. Weak downdrafts ahead of the up-
drafts were also evident. In addition to the many dif-
ferences of the squall lines observed on 24 May from
previously studied tropical and subtropical oceanic
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squall lines, some similarities between them are also
noteworthy: 1) the low-level inflow from the air ahead
of the leading edge, 2) the maximum radar reflectivity
at the lowest levels, 3) the gradual decrease of mean
reflectivity with height below the melting layer and
above 8 km MSL, and 4) the strong mean reflectivity
gradient from the 0°C isotherm level to 8 km MSL
implying a relatively weak updraft.

The rain and hydrometeor characteristics of the
squall line were also examined. The height and magni-
tude of the differential reflectivity were low compared
to the other analyses on tropical MCS. During the early
stage of the SCS summer monsoon, the low-level con-
vergence and updrafts were relatively weak and unable
to lift the hydrometers to a higher level. In developing
cells, the gentle low-level updrafts allowed sufficient
time for the collision–coalescence process to develop
both large raindrops and high rainwater contents. How-
ever the weak low-level updrafts were unable to lift the
largest raindrops found at the lowest level farther up-
ward. Those large drops were offset below the maxi-
mum water content due to size sorting by the updraft.
There was no indication of the lofting of raindrops
above the freezing level due to weak updrafts in the
midlevels. As a result, there is very little precipitation
ice mass in the cell. In the mature cell, the maximum
rainwater content was collocated with the maximum
ZDR at the lowest level as the large raindrops had al-
ready precipitated out because of the weak updrafts.
Midlevel updrafts were larger in the mature phase as
compared to the developing convection and were ca-
pable of lofting a small zone of supercooled raindrops
about 1 km above the freezing level. However, the ver-
tical extent of the ZDR column (Figs. 7d, 10) was mod-
est and hence supercooled drops and enhanced precipi-
tation ice mass associated with frozen drops were
present only in the lowest (or warmest) portions of the
mixed-phase zone.

From a statistical point of view, compared to the
studies focusing on tropical convection observed during
the TRMM–LBA experiment, we found that precipita-
tion characteristics of this case over the SCS monsoon
region during SCSMEX were similar to the westerly re-
gime over the Amazon monsoon region during TRMM–
LBA. However, higher rain rates and rainwater contents,
larger raindrops, and significantly higher ice water con-
tents between 5 and 8 km defined the precipitation over the
Amazon during the easterly regime of the TRMM–LBA.
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